Although computational tools are well suited for modeling the dynamics of zero-net mass-flux actuators, the computational costs involved in large-scale flow control simulations necessitate the use of reduced-order models for these devices. A new reduced-order model based on modeling only the slot of ZNMF jets in grazing flows is proposed. A parametric study of dimensionless parameters governing the characteristics of a ZNMF jet in grazing flow was conducted for the reduced-order model along with the commonly used sinusoidal plug flow boundary condition and full cavity simulations. Comparisons of the current model are presented in terms of the vortex dynamics and mean integral quantities, and the performance of the new reduced-order model is encouraging. In addition, the fidelity of the model has also been explored for a canonical separated flow. On the global scale of the flow, the reduced-order model is able to provide a more accurate representation of the full cavity simulation as compared to the conventional boundary condition. 
I. Introduction
ERO-net mass-flux (ZNMF) actuators or "synthetic jets" have potential applications in the area of mixing enhancement, 1 heat transfer, 2,3 mass transfer, 4 jet vectoring, 5 and active flow control of separation [6] [7] [8] and turbulence. 9 The dynamics and performance of these devices depend on several geometrical, structural and flow parameters. [10] [11] [12] When compared to the global domain, such as an airfoil, in which the actuator is imbedded, the scales of the actuator are typically 10 -2 -10 -4 times smaller in size. Due to the range of scales involved, inclusion of a high-fidelity model of a ZNMF actuator within a macro-scale computational flow model turns out to be an expensive, if not prohibitive, proposition. The desire to compute the flow physics associated with the ZNMF jet control makes reduced-order modeling of these devices a practical necessity in these simulations.
Z
In the past these actuators have been represented as a reduced-order model in simulations in one form or another. Kral et al. 13 modeled the actuator via simplified surface boundary conditions for velocity and pressure without the slot and cavity. For variations of the spatial distribution of the velocity profile, it was found that the "top-hat" function provided the closest match to the experiments. Rizzetta et al. 14 have used the recorded flow field from a simulation of the isolated jet at the exit of a 2D periodic jet as a boundary condition to an external flow field. On the other hand, Lockerby et al. 15 have used a theoretical approach based on classic thin plate theory to model the diaphragm deflection, while the slot is modeled based on unsteady pipe-flow theory. A reduced-order model approximating 2D or 3D synthetic jets via quasi-1D Euler equations was presented by Yamaleev & Carpenter 16 . Filz et al. 17 have modeled 2D directed synthetic jets using lumped deterministic source terms (LDST) trained by a neural network. Rathnasingham & Breuer 18 have presented a semi-empirical analytical model of ZNMF actuators using a system of coupled nonlinear state equations describing the structural and fluid characteristics of the device. An analytical lumped element model (LEM) of a piezoelectric-driven synthetic jet has been presented by Gallas et al. 10 The model represented the individual components of the synthetic jet as elements of an equivalent electric circuit using conjugate power variables. Sharma 19 has also used an alternate model for LEM. More recently Tang et al. 20 have compared the performance of the Dynamic Incompressible Flow model (DI model), Static Compressible Flow Model (SC model) and LEM in predicting the instantaneous space-averaged velocity at the orifice exit. Loworder modeling of two-dimensional synthetic jets via Proper Orthogonal Decomposition (POD) was carried out by Rediniotis et al. 21 The dynamical model based on Galerkin projection was derived from the flow for specific Reynolds and Stokes numbers. Kihwan et al. 22 have developed a dynamical model based on system identification to identify the interaction of synthetic jets with a laminar boundary layer with potential application to feedback control.
The top-hat profile used by Kral et al. 13 is the simplest model of the jet and is referred to as the "zeroth-order model" in the current study. Such a representation eliminates the need of simulating the cavity and the slot. A similar approach has also been adopted in some previous studies. 23, 24 However, it is not clear to what extent such a boundary condition accurately models the key features of the jet. Since the control mechanism of the actuator depends on transfer of the momentum or vorticity flux to the external boundary layer, it is essential that any such model should be able to represent these quantities accurately.
The purpose of the current study is to explore the issues of actuator modeling via numerical simulations. Based on these simulations we propose a new model for ZNMF jets in grazing flows. The model is compared with the ful cavity simulations and the zeroth-order model in attached flows. In addition, the effectiveness of the proposed model with the modified boundary condition representation versus full cavity simulations has also been studied for a separated boundary layer in a canonical flow configuration.
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II. Slot-Only ZNMF Actuator Model
The major reason for the shortcoming of the modified boundary condition models is the neglect of the flow physics associated with the slot. Our previous studies 25 show that flow in the slot tends to separate at the top and bottom lips, and the formation of secondary vortices near the exit tends to significantly alter the flow field. Thus the working hypothesis for the current reduced-order model is that the inclusion of just the slot with appropriate boundary conditions should significantly improve the fidelity of the actuator model. This hypothesis is supported by past studies 26, 27 that have shown that the shape of the cavity has very little effect on the flow emanating from the jet provided that the incompressible flow assumption inside the actuator cavity is valid. The approach used for the current study explores the significance of the slot via simplified boundary conditions and hence effectively reduces the computational complexity. An attempt is thus made to replicate the flow physics inside the slot to further improve the fidelity of the model.
Consider the flow inside the 2D slot of a typical ZNMF actuator as seen in Figure 1 (a). The area change from the cavity to the slot causes the flow to turn near the bottom lip of the slot, and the flow pattern during expulsion is similar to the one caused by a sink present somewhere along the slot center during the expulsion phase. Hence the flow enters the slot radially at any given time during expulsion and, in terms of its Cartesian components, will have two components of velocity, u and v. As seen in Figure 1(a) , at the entrance to the slot the u -velocity will be significant, while near the slot center the v -velocity will dominate. Thus an approximation of this flow pattern prescribes a corresponding boundary condition profile for the u -velocity which varies linearly in the x-direction from a maximum positive value near the left wall to a minimum negative value near the right wall (see Table 1 ). 
A. Model Comparison
Based on the above arguments, three separate flow configurations have been chosen for comparison. These include the full-cavity (FC), the slot-only (SO) and modified boundary condition (MBC) configurations. As the name suggests, the FC model consists of full-cavity simulations and is a complete representation of a 2D ZNMF jet, as seen in Figure 1(a) . The driver displacement is represented as an oscillatory boundary condition at the bottom of the cavity and has been found to be a fairly accurate representation when compared with experimental results. 26 Table 1 lists the boundary conditions used for the different configurations during both expulsion and ingestion phases with the corresponding location. 
Care has been taken to ensure that the mass flow rate at the exit of the slot for the FC configuration and reducedorder models are the same. The dimensionless parameters of significance for a ZNMF jet under quiescent condition are the Strouhal number, , jet Reynolds number,
St
, velocity ratio, Re J and boundary-layer thickness to jet width ratio, d
δ . Table 2 lists the cases along with the corresponding parameters used for the current study. It is known that the jet characteristics are determined by functional dependence on the parameters as
. Hence for the current study three different simulation sets were considered for each of these parameters while keeping the rest constant. The velocity amplitude ratio 0 0 1 U V = was maintained for all the cases. All the computations use a single grid of dimensions 178 × 178 for the FC simulations and a domain size of 9d × 10d. For the remaining configurations the grid resolution in the slot and external flow field is held constant at all times. The direct numerical simulations are used to model synthetic jets issuing from a cavity. Incompressible Navier-Stokes equations are solved in time using a second-order accurate fractional step method. In a Cartesian framework, a second-order Adams-Bashforth scheme is employed for the convective terms, while the diffusion terms are discretized using an implicit Crank-Nicolson scheme that eliminates the viscous stability constraint. The solver has been rigorously validated by comparisons of several test cases against established experimental and computational data including synthetic jets. 26, 28 
B. Canonical Separated Flow Configuration
Whereas the above study examines the performance of the different modes for an attached grazing flow, a relevant issue to be examined is to what extent the details of the actuator model modify the effect of the jet on a separation bubble. In order to address this issue we have also examined a case where a separation bubble is created downstream of the jet by prescribing a blowing-suction boundary condition on the top boundary of the domain. A zero-vorticity condition, along the lines of Na & Moin 29 is applied on this boundary as follows:
where is the prescribed blowing and suction velocity profile defined in the form of:
where L is the length and c x is the center of the velocity profile. The parameters , and are set to U , 10 and 20, respectively. Figure 2 shows the configuration used to generate the separated flow. The FC, SO-2 and MBC model configurations were tested under these conditions. The simulations have been carried out on the domain with 100d × 32d size using a grid of dimensions 321 × 257 for FC case and same resolution for two other configurations. 
III. Results
A. Model Performance in Attached Grazing Flow
Holman et al. >K have shown that the jet formation criterion is determined by the relation, and is proportional to the non-dimensional vorticity flux. Here, is a constant found to be for 2D jets and ~0.16 for axisymmetric jets. Thus for the given set of conditions of =0.8, a jet is formed and is able to impart a significant amount of vorticity flux to external flow. Figure 3 shows the comparison of the spanwise vorticity at the peak expulsion ( =90°) and peak ingestion ( =270°) for all models at Figure 4 shows that the accumulation of vorticity from shear layer separation causes peaks in the integral quantities for the FC model during expulsion. Similar features are seen for the SO-2 model and, although they are lower in magnitude, they appear to give a closer match to the FC model than the SO-1 model during expulsion. On the other hand the MBC model is unable to predict the flow behavior in the slot during most of the cycle. Hence although the flow field is significantly altered by secondary vortices, the integral measures can be reasonably approximated by using the SO-2 model; although for a better match the incoming flow angle, i.e. 0 0 U V ratio, might need to be modified further. Figure 5 where =125, =20, S Re J =4.0 and d δ =2.0. This corresponds to the no-jet formation case due to the high , and during peak expulsion the boundary layers near the bottom lips thicken to form a vena-contracta. At the exit, the shear layer rolls up to form a relatively small clockwise vortex which does not travel far from the slot during the suction stroke. Note that the expulsion stroke is defined as and suction stroke as 18 . Interestingly it is found that all the models give a reasonable approximation to the FC model at the slot exit during the expulsion phase of the cycle. However, the MBC model does not produce coherent vortex structures as seen for the rest of the configurations near the right exit lip which is apparent during the suction stroke, as seen in Figure 6 , the integral measures do not show peaks during the expulsion cycle. An increase in tends to decrease the contribution of vorticity flux of the jet to the external boundary layer. This also remains true for the momentum and kinetic energy fluxes. Both the SO models compare reasonably well with the FC model during the whole cycle. On the other hand, the MBC model shows a slight phase shift during the expulsion phase for the vorticity flux, while it produces slightly larger deviations for the momentum and kinetic energy fluxes. 
St
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=2.0 shown in Figure 4 , it can be seen that, although the Strouhal number remains the same, as Re J increases the vorticity flux during the expulsion phase also tends to increase and distort the sinusoidal profile. These peaks correspond to the expulsion of vortices from the exit plane of the jet. On the other hand the suction phase behavior remains the same for these cases. In terms of model performance for Figure 7 (c) where =1.6, the integral measures show slightly lower values. Note that for this case the vorticity flux again shows several peaks during the expulsion phase indicating that the jet is formed under these conditions. The integral quantities of both SO models compare reasonably well with the FC model during the whole cycle and are able to capture the small peaks in the vorticity flux. Note that for this case, the behavior of both model is similar, indicating that under these conditions the shear layer separation at the bottom lip is not as important as the cases with =0.8 where the SO-1 model does not perform as well as the SO-2 model. This is apparent from Figure 6 where both these models show similar representation of the flow physics. 
St St
=2.0 respectively. Due to the lower freestream velocity, the magnitudes of the peaks are reduced. It can be observed that increasing the velocity ratio leads to an increase in the momentum and kinetic energy fluxes. For these cases the SO-2 model is able to yield a better approximation to the FC configuration, while both the SO-1 and MBC models significantly underpredict the moments during the expulsion phase.
On the other hand, decreasing the boundary layer thickness significantly alters the integral quantities and leads to an increase in the integral measures over a cycle with sharper peaks as seen in Figure 8 
B. Model Performance for a Canonical Separated Flow
As seen in Figure 9 , a separation bubble was created by imposing the boundary condition described in Eq. (1)- (2) shows contours of instantaneous spanwise vorticity at peak expulsion and mean streamlines for these three cases at one particular forcing frequency ( 0.25
. By comparing the mean streamlines it can be seen that FC and SO-2 configuration yield a very similar effect on the separation bubble. For both these cases the size of the separation bubble is reduced by a factor of 2.6. On the other hand the MBC model, as expected, is unable to match the FC model, where the separation bubble size is reduced by a factor of 2. It is clear that the SO-2 model is able to able to provide a better representation of the ZNMF actuator on a global scale. 
IV. Conclusions
A simple reduced-order model is presented for the representation of ZNMF jets in large-scale flow control simulations. The model includes the slot of the actuator due to its importance in governing the dynamics of the interaction process with a grazing flow. Two variants of the slot-only model were considered, and a parametric numerical study was carried out to determine the performance of each model compared to a conventional modified boundary condition. It was found that, unlike the conventional MBC model, the slot-only models were able to capture more of the flow physics associated with full cavity simulations. A comparison of the integral measures of vorticity, momentum, and kinetic energy fluxes for these models showed that the slot-only model that assumes a sink-like flow at the slot inlet (i.e., the SO-2 model) provides the best modeling approximation. The performance of the model was also compared with full cavity simulations and the simple MBC model for a canonical separated flow at different forcing frequencies. It was found that at lower forcing frequencies, the flow separation extent was reduced significantly, and the SO-2 model was able to predict the separation bubble size reduction with improved accuracy. Future work in this direction will focus on determining the appropriate value of 0 0 U V , used in SO-2, as a function of the dimensionless flow parameters to study the effect of incoming flow angle at the bottom lip of the slot.
